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Keywords: The traditional truss structure adopts a fixed form, which is the main reason for the over-height of
Posture optimization the vehicle telescope. In order to achieve larger vehicle-mobile telescopes and solve the over-
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Stiffness performance index
Truss mechanism

Large aperture telescope

height problem, the new truss mechanism based on robotics is proposed in this paper. Based
on the new structure, the posture and dimension parameters need to be determined. Stiffness has
great effects on accuracy and resonance of the telescope system, which is influenced by the
posture and dimension parameters. So the stiffness performance index is used to optimize the
posture. Meanwhile, in order to simulate the force of the telescope in different states, translation
evaluation index (TEI) and rotation evaluation index (REI) are represented in this paper.
Wavefront aberrations can be obtained by establishing the relationship between TEI, REI and
Zernike polynomials. The optimized posture is verified to meet the error requirement through this
method and the accuracy is obviously improved through comparison.

1. Introduction

Telescopes can either be fixed stationary or movable. Vehicle-mobile telescopes have a great advantage over ground-based tele-
scopes in terms of mobility and efficiency. From Rayleigh criterion, it can be known that angular resolution of optical instruments is
6 =1.221/d, which means the telescope can get higher resolution if the diameters are larger [1]. However, it is impossible to transport
large telescopes by road as they do not meet height requirements of bridges and culverts. Therefore, vehicle-mobile telescopes remain
in the scale of 1 m, which restricts the development of their diameter. Thus, the author proposed the new truss structure based on
robotics in parallel instead of the traditional Serrurier truss to reduce the altitude. The diameter of the telescope can be raised to 2 m
scale.

Secondary mirrors are generally fixed to the telescope by Serrurier truss as the supporting component, and a secondary mirror
assembly is installed above the Serrurier truss via Stewart platform, which adjusts the position of the mirror in six-dimensional motion
[2-4]. The Serrurier truss accounts for about half of the total height of the telescope, which is the main reason for over-height of vehicle
telescopes. This paper presents a structure of the truss mechanisms in the form of parallel robotic arms, which integrates the supporting
part of the traditional Serrurier truss and the adjusting part of the Stewart platform.

When determining the structural form, symmetry and stability are important for a secondary mirror support system in a telescope.
At the same time, it is necessary for the secondary mirror to have a five-dimensional motion in addition to the rotation along the z-axis.
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Fig. 1. Structure of parallel truss mechanism.

Secondary mirror Truss based on robotics

Four way body

(a) )

Fig. 2. Telescope based on robotics (a)working state (b)transportation state.

Therefore, the new truss takes the form of a symmetrical parallel mechanism. The stability can be promoted with more limbs but the
overall weight will also increase. The number of joints on each limb will influence the resonance as well. So the number of joints and
limbs should be minimized under the premise of system stiffness. The structure of 3-6R shown in Fig. 1 is adopted after calculation. It
can meet the resonance frequency requirement and the five-dimensional adjustment movement of the secondary mirror truss system.

The structure shown in Fig. 2 is the 3-6R parallel mechanism meeting the DOF requirement of the secondary mirror. The new
designed truss has both positioning and freedom adjustment functions. The relative position can be adjusted through the structure
while the secondary mirror shifts. When the telescope is in operation, the secondary mirror assembly is placed at the specified position
by the motion of the truss. When the telescope is not in operation or being transported, the secondary mirror assembly moves with the
motion of the robotic arm, and the truss is placed on the side of the telescope. Thus, the over-height and diameter problems are solved
by the new structure. The largest diameter of the vehicle-mobile telescope based on traditional structure is 1.2 m. The resolution can be
increased by 1.7 times and the light collection capabilities can be increased by 2.8 times if the diameter is up to 2 m. So the new
structure has a better optical performance. Meanwhile, changing secondary mirror will be easier if the movable truss is used.

Up to now, Similar structure only has been used by James Webber Space Telescope. The truss is folded in rocket when it’s
launching, and the truss opens up when it’s in track. The foldable mechanism only has the rotation DOF. It can provide high accuracy
positioning but it doesn’t have the adjustment function. The truss integrated with positioning and adjusting functions has not appeared
yet. The new designed truss takes account of image quality and mobility of the telescope, and the design has broad application
prospects [5-7,27,28].

The relative position between the primary mirror (PM) and the secondary mirror (SM) is determined by the requirement of optical
design, but the dimension parameters and the posture of the robotic truss are not determined. Posture design is basic and important in
structure analysis, which influences the stiffness and the accuracy of the system. The relationship of input and output also changes in
different postures [8-12]. Stiffness is a key index in telescope system design and has influences on resonance of the telescope system
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and rigid deformation error of the robotic truss. The stability is related to the resonance frequency and the wavefront aberration is
related to the deformation. Thus, posture of the secondary truss mechanism is optimized based on stiffness index and verified by rigid
deformation error in this paper [13-16].

2. Basic principles
2.1. Stiffness evaluation index

Stiffness and mass optimization of parallel mechanism has been studied in some researches. However, the symmetrical structure is
usually used in the design of the telescope because of the high precision and symmetry requirement of the optical system, one limb is
optimized in this paper instead of the parallel mechanism, and the parallel stiffness matrix is calculated after the optimization. The
structure has the working mode and the transportation mode. The truss is locked on the side of the telescope and the telescope is not
working during transportation. The posture in working mode is optimized in this paper.

In order to avoid the problem of singularity in the calculation of general stiffness model [17-19], the compliance matrix is adopted
by Guo:

C=JK,'J" = 1)

CII CI r
CZ; Crr

This avoids the inverse Jacobian matrix in the calculation. Compliance matrix C is divided into C,, C, and C,, as 3 x 3 matrices. K,
can be written as:

k0 - 0
_ 0 k2 e 0 _ K, Ky
Ko = O 7{1(21 Kzz} @
0 0 - k

k; indicates the i-th joint stiffness of the limb. K is divided into 3 x 3 matrices as shown in Eq. (2) According to the compliance matrix,
the stiffness evaluation index can be defined as [20-22]:

1 1
ksir = 3 =3 T T T T 3
/det(Cy)  /det(In K JT, + JnKp KE)
J can be decomposed into J; and expressed as
J]] JIZ
J= 4
{121 Jzz} (€))

Therefore, the optimization of the robot posture can be regarded as the maximization of the stiffness index according to Eq. (3).

2.2. Translation evaluation index and rotation evaluation index

Since the orientation of the telescope changes during observation, the gravity of the secondary mirror changes as well. ks does not
introduce the influence of a force or a torque, so it cannot be the only evaluation standard of posture optimization. However, the
evaluation of the SM misalignment requires the analysis of compliance matrix and the force. So translation evaluation index (TEI) and
rotation evaluation index (REI) are proposed in this paper to calculate the translational offset and rotational offset of the SM at
different pitch angles of the telescope system. If w is the generalized displacement and Ax; is the generalized force, the misalignment of
the SM is:

Ax, = Cw %)

Translational deformation corresponds to piston in optical system, rotational deformation along x-axis and y-axis corresponds to tip
and tilt. Both need to be considered to analyze the wavefront aberrations. Since this structure is applied on the telescope system, the
relationship between wavefront aberrations and deformation evaluation index need to be established through Zernike polynomials to
evaluate the optical performance.

Then, Eq. (5) should be rewritten as:

Ax| _ fl_
A9 y|
Ax and A6 are translational and rotational deformation vectors separately; f and y are force and torque vectors separately. Since the
telescope’s pitch angle changes slowly during operation, any working state can be regarded as static for analysis, so the truss

mechanism is only influenced by the gravity of secondary mirror component. Thus, with consideration of the unit force and torque, TEI
can be calculated as:

Ci Cy
croc,

Cuf + Cuy

6
CLf + Cny 6)

Ax = fCyer +yCye,
A0 =fCle; +yCire,
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Table 1
First three Zernike polynomials.
j n m Zernike polynomials R} (p, ¢) Wavefront aberration
1 0 0 1 Piston
2 1 1 pcosf Tip
3 1 -1 psing Tilt

T
AX (Cuer) Cues
Similarly, REI can be defined as:
_ T
40 \/(Crep) Crer
REI=—=~—"—"_""=(Cl¢ (8)
f f rCf
The optimized compliance matrix is calculated in Egs. (7) and (8) to obtain the influence of the SM misalignment on the wavefront
aberration and verify whether it meets the system requirements.

2.3. Wavefront aberrations expressed by Zernike polynomials

Zernike polynomials are orthogonal basis expressed with polar coordinates in the unit circle. Zernike polynomials with different
symmetry correspond to wavefront aberrations caused by the telescope system [23,24].
Zernike polynomials are expressed as

Rf(ﬂv (P) = Rzl(/% (/)) ©)

The relationship between Zernike series j and m, n in the function is

b:ceil\/j_' (10)

a=b—j+1 (11
m= -4 aiseven;m = %1, ais odd (12)

n=2(b-1)—|m| 13

First three Zernike polynomials shown in Table 1 are considered in this paper.
3. Posture optimization

The stiffness performance of the robot is influenced by the robot posture and dimension parameters. Due to the relative position
between PM and SM is determined, the dimension is changing when the posture is optimized. So both should be considered in
optimization. The method adopted in this paper is establishing the relationship between the stiffness coefficient and the parameters of
the truss and set the stiffness coefficient as the objective function. In the process of solving the maximum stiffness coefficient, the
optimal posture and dimension parameters are solved [25]. The optimization process is shown as follows: First, the joint stiffness is
determined before optimization. Second, Dimension limitation is added while optimizing J2 and J3 to meet the relative position
between PM and SM. Finally, Maximum stiffness performance index is solved by adjusting each joint angle and the parameter of each
link.

3.1. Posture optimization by stiffness evaluation index

Since the secondary mirror is connected at the end of the robotic arm, the misalignment of the secondary mirror can be regarded as
the translational deformation and rotational deformation of the end effector, and it can be expressed as

Ax| Cy-f-ef
A0 |

Cofre
Due to ¢ is the direction vector of the force, The pitch motion of the telescope can be simulated by adjusting e;. According to Egs.
(1) and (14), for a certain pitch angle, the secondary mirror misalignment is only determined by the Jacobian matrix. In order to obtain
the ideal secondary mirror misalignment by the optimal Jacobian matrix, we established the coordinate system of each joint for the
selected manipulator as shown in Fig. 3. Then, the Denavit-Hartenberg parameters (DHm) can be obtained as shown in Table 2.
From Eq. (1) and the parameters in Table 2 we can see the objective function kg is influenced by 6;, a; and d;.Due to the method of

Cuf
Cuof

(14)
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Fig. 3. DHm parameterization of the limb and the position of joints.

Table 2
DHm parameters of the limb and the position of joints.
J1l J2 J3 J4 J5 Jé
0;(rad) 0, 0, 03 04 s 06
a;(deg) —90° 0° —90° 90° —90° 0°
a;(mm) a; as az ay as 0
d;(mm) 0 dy ds 0 0 0

k saaf (N/mint)

1250
k sty (N/mm)
1300 -
1200
1250
1200 -
. 1150
1150 g
1100 1100
1050 -
o
ad 1050
1000 \_\’\,/ d100
200 150 ? i , ()

100 50
a’3 (mm) U]

Fig. 4. optimization of d; and ds.

coordinate establishment in Fig. 3, SM is connected with EE at point P, 5o 61, 0, as doesn’t influence k. 64 is set to 0 in order to make
the z-axis of PM and SM is coaxial, then 6, is determined. Thus, k; is influenced by 62, 6, 0, d>, ds, a; - as.

In addition, Joint stiffness must be determined before optimization. Owing to the constraints of the relative position between the
PM and SM, we selected the Smart5 NJ 220—2.7 robot, so K is [1.5727 x 10°, 6.7566 x 10°, 1.1169 x 10°, 3.3249 x 108, 1.1038 x
108, 4.1444 x 108]1(N - mm/rad) [26].

Yang Lin et.al found that the EE position is influenced by J2-J3 mostly and the orientation is affected by J4-J6 [26]. In order to meet
the requirement of relative position between PM and SM, space constraints is added by J2 and J3.So a, and 6, should be optimized at
the same time, so does az and 6s.

The initial values of the parameters are shown as follows:

61 =0,00 =0,03 =0,04 =0, 65 =%rad, 6 =0, dy = 200mm, d3 = 200mm, a; = 200mm a; = 1320mm, a3 = 800mm, a4 =
500mm, as = 200mm

3.1.1. Optimization of dz and ds
Fig.4 shows the influence of stiffness index caused by d2 and ds. Other parameters are determined, d; and ds are adjusted from O to
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Fig. 5. optimization of 6> and ay,(a) 63 =0, (b) 63 =%, (c) 63 =%, (d) 63 = %.
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Fig. 6. optimization of as and ay.

200. It can be obtained from Fig.4 that d» and d3 both have negative influence on system stiffness. In order to get better kg, d> and ds
should be minimized after meeting the size conditions of the structure. d; and ds are set to 100 mm in this paper.

3.1.2. Optimization of 65 and ax
While optimizing 6, and ay, constraint Egs. (15) and (16) are added to meet the condition of relative position between PM and SM.
azsin(fﬁz) + (a3 -+ a4)sin(702 -+ 03) > 2500 (15)
leCOS(gz) + (a; + a4)cos(6‘2 + 03) > 1000 (16)

From Fig. 5, it can be obtained that the range of the maximum stiffness is almost unchanged when 63 changes. The results also
shows that: the stiffness value increases with the rising of a, and |6,|.
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Table 3
stiffness at a, = 1700.
6o 8r 2371 24n 7r _z 197 61
20 60 60 20 3 60 20
Keif 1156.36 1170.51 1190.47 1201.38 1186.67 1167.22 1134.04
Table 4
stiffness at 0 = 7x
2770
as 1800 1750 1700 1650 1600 1550 1500
Keif 1126.40 1157.65 1201.38 1186.82 1134.26 1114.73 1056.39
k sty (N/mm)
7000
6000
5000
4000
3000
2000
wor g
\R
0
-pii2 Spifl0 pifl0 Pifl0 IpiFI0 piz 95 (rad)

Fig. 9. optimization of 0s.
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Fig. 10. AZ caused by tip and tilt.
The maximum stiffness index can be obtained when 6, is between 7% and 7% as well as ay is between 1500 and 1700.

3.1.3. Optimization of 63 and as

Because Joint 4 is between a3 and ay4, the position of J4 needs to be optimized to get better ks before optimizing 65 and as.

From Fig. 6, it can be seen that kg increases when as gets larger, which means better ks can be obtained when J4 is closed to J5.

The results in Figs. 5 and 6 are used to optimize 03 and as. In this optimization, a4 is set to zero. The optimizing object a3 ranges
from 2500 to 1500 and 65 ranges from —% to Z.

From Figs. 7 and 8 and Tables 3 and 4, it can be seen that a better kg can be obtained when 6> = — %, a; =1700. The range of 05 is
from % to 2%, and the range of as is from 1700 to 1900.

05 is changed from —4 ~ 7 using the optimized parameters from above. It can be seen from Fig. 9 that if 65 is controlled to the range
of — &5 ~ 75 ksir will be more than 3000 N/mm.

3.2. Calculation of parallel compliance matrix

Parallel mechanism of the truss structure is shown in Fig. 1. The 3-6R structure is composed of 3 same limbs. C;, C,, C3 are
compliance matrix of the EE. Cz, C3 can be obtained through the transmission matrix.

G =Ty C T; a7
Gy = TyC, Té (18)

In the equation, T%, T% are the transmission matrix

2 . 2n
cos 3 —sin 3 0
TZT” ~ | sin 2—” cosz—” 0 (19
3 3
L O 0 1]
cos 4?77 —sin 4?” 0
T%” - sin4—” c0s4—” 0 (20)
3 3
L O 0 1]

Thus, the parallel flexibility matrix of the structure is

Cy = (C;ll + Cr?zl + C;31)7] (21)
Cr=(Cl+Ca+CH" (22)
Then,
2.62003e-4 9.851853e-5 3.55928e-4 2.01576e-8 —1.93230e-7 2.77446e-8
Cy’ = | 9.85185e-5 1.78827e-3 —7.15779e-5| C,” = | 3.88870e-7 0 6.88193e-7
3.55928e-4 —7.15779e-5 1.49788e-3 —1.46454e-8 —1.29434e-6 —2.01576e-8
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Table 5
deformations and wavefront aberrations caused by gravity.
Zmax (mm) Zin (mm) AZ(mm) LS(nm)
e = [01011]7 1.49856e-3 1.49719e-3 1.37234e-6 27.4467
e = [1,0,0]T 3.56316e-4 3.55540e-4 7.76540e-7 15.5308
x10% 107
Z(mm) a5 Z(70)
0 x10:4
Z(mm) 14884 Z(min) 3562
1.499 3.564 .
[EE T I—— 3561
1.4985
1 1.498 3.56 356
1.498
3.558
14978 5%,
1.4975 3586
1.4976 o
1.497 3554
300 00 S 3.557
D (um) " 300 Ve (G S T
¥ 200 " Dy(mm) 00 \.‘\\ /(,/,,/ = D_\'(Iﬂ/ﬂ) o
* 100 14972 = SN 1
0 o 0 o
@ ®)

Fig. 11. Aberrations caused by deformations in gravity(a) gravity parallel to the z-axis(b) gravity parallel to the x-axis.

Table 6

Non-optimized deformations and wavefront aberrations caused by gravity (e; = [0,0, 1.
as Zmax (mm) Zyin (mm) AZ(mm) LS(nm)
2300 3.7200e-03 3.7159e-03 4.0930e-06 81.8597
2100 3.2129e-03 3.2091e-03 3.8914e-06 77.8277
1900 2.7476e-03 2.7439e-03 3.6897e-06 73.7937

Table 7

Non-optimized deformations and wavefront aberrations caused by gravity (e = 1,0, 0").
as Zmax (mm) Zmin (Mm) AZ(mm) LS(nm)
2300 3.4122e-03 3.4091e-03 3.1369e-06 62.7378
2100 2.8940e-03 2.8910e-03 2.9904e-06 59.8078
1900 2.4175e-03 2.4147e-03 2.8439¢-06 56.8778

3.3. Wavefront aberrations verification by Zernike polynomials

After the compliance matrix is obtained, deformation of the SM in different gravities can be calculated by TEI and REI. Deformation
along each direction is calculated by decomposing TEI and REI. Due to analyzing the rigid body deformation of the SM, only piston, tip
and tilt are considered in this paper. First three order aberrations will be obtained after the result is measured by Zernike polynomials.
Finally, the value of deviation is compared with the system error requirement.

Because the value of 0 caused by AZ is small enough in Fig.10, sin = 6. The aberration caused by AZ can be writtenasLS =0 -f =
DA—/Zz -f. AZ is the deformation calculated by TEI and REI, LS is the aberrations caused by AZ. D is the diameter of the SM, f is the distance

from SM to the image plane of the optical system. According to the results shown in Table 5, the rigid deformations of the secondary
mirror are 27.4467 nm and 15.5308 nm under gravity along z-axis and x-axis separately. The result meets the aberration requirement,
which means the optimization meets the requirement of the telescope system (Fig. 11).

In order to verify the result, three sets of data in 65 optimization are calculated to compare with the optimized result. 6 is set to 3%,
as is set to 2300, 2100, 1900 separately. According to Tables 6 and 7, the aberrations produced by the optimized parameters are much
smaller than the aberrations caused by the non-optimized parameters. This comparison shows that posture optimization has great
effect on reducing the error.
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4. Conclusion

A new truss based on robotics is proposed in this paper to solve the over-height problem and the diameters of vehicle-mobile
telescopes are raised to 2 m scale. After the basic structure form is confirmed, the posture of the structure is optimized by k. The
workspace restrictions are added in posture optimization, so the dimensions can be obtained. TEI and REI are raised and established
relationship with wavefront aberrations through Zernike polynomials. e; can be changed to simulate the gravity of the telescope and
different states are calculated while the telescope is working. Rigid deformations of the secondary mirror are 27.4467 nm and 15.5308
nm in gravity with different orientations, which is verified to meet the error requirement with the optimized parameters. The structure
is proved to have implementation after the error and stiffness verifications.
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